Introduction
Advanced computational fluid dynamics (CFD) approaches have been utilized to simulate the performance of fuel injection equipment systems and to investigate phenomena, such as cavitation and fuel atomization [1] [2] [3] [4] [5] [6] [7] . The outcomes of CFD simulation at conditions up to high pressures are dependent on accurate representation of fluid physical properties. For extreme conditions, limited experimental thermal conductivity data are available for well-characterized hydrocarbon mixtures, and there is a greater lack of thermal conductivity data available for complex mixtures, such as rocket propellant (RP), jet, and diesel fuels. Various correlations and theories have been developed for the prediction of thermal conductivity for pure hydrocarbons and their mixtures [13, 21-23, 30, 33-37] including structure-based group-contribution methods [38] [39] [40] [41] [42] [43] [44] .
A few pseudo-component based methodologies have been developed to model the thermal conductivity of complex mixtures, such as crude oil and its fractions. These methodologies include an expanded fluid-based (EFB) model [37, 45] and a corresponding-states approach defined by an effective carbon number (ECN) [21] . Yarranton and co-workers [37] used EFB to model the thermal conductivity of several crude oils up to 100 bar and 398 K. They fit four EFB pseudocomponent parameters for the crude oils to available experimental data and predicted the thermal conductivity within 1% mean absolute percent deviation (MAPD) compared to experimental data [37] . They extended this work by developing structure independent correlations to calculate the EFB parameters and obtained predictions within 3% MAPD [45] . Teja and Tarlneu [21] used the ECN-based approach to predict the thermal conductivity of different cuts of three crude oils at temperatures from 308 to 528 K and atmospheric pressure within 7% MAPD. Their ECN-based model required as inputs the average molecular weight (MW) and critical properties of the pseudocomponents, which were calculated using the reported boiling temperature and specific gravity of the pseudo-components [46] through the correlations developed by Kesler and Lee [47] .
The two-abovementioned pseudo-component based techniques capture the effect of composition only through the mixture average MW and are limited in predictive capability by the need for multiple pseudo-components or for fitting to experimental data. Hence, a technique is needed that considers the effects of both the molecular structure and MW of compounds present in mixtures while only requiring a minimum number of parameters fit to experimental data.
In this study, a single pseudo-component technique is developed using the residual entropy scaling based thermal conductivity correlation of Hopp and Gross [26] and the Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) [48] equation of state (EoS). Thermal conductivities of well-characterized hydrocarbon mixtures and fuels are predicted up to high temperature and high pressure (HTHP) conditions using two mixture properties: the number averaged MW and hydrogen to carbon (HN/CN) ratio. Less accurate predictions are obtained using the two-parameter model for the mixtures containing high amounts of iso-alkanes, but the predictions are improved when a single thermal conductivity data point at a reference condition is used to fix the value of one model parameter. The technique described here accurately predicts thermal conductivity up to HTHP conditions for fourteen well-characterized hydrocarbon mixtures and six fuels.
Technique Development
PC-SAFT pseudo-component technique
For pure compounds which do not exhibit association, the PC-SAFT EoS of Gross and Sadowski [48] requires three input parameters: , the number of segments; , the segment diameter; and ⁄ , the depth of the potential well. The reduced, residual Helmholtz free energy, � res , of a pure compound is then expressed as:
where � hc and � disp are the reduced, Helmholtz free energies for the hard-chain reference fluid and dispersion interactions, respectively. Pure compound PC-SAFT parameters are determined by directly fitting to properties (e.g., saturated liquid density and vapor pressure data) or using group contribution (GC) methods [49] [50] [51] . In this study, the PC-SAFT parameters are determined using the GC parameters of Sauer et al. [49] to be consistent with our earlier reported technique to predict viscosity [52] . However, in general, other PC-SAFT GC parameters could be used, such as those reported by Tihic et al. [53] or Burgess et al. [54] . PC-SAFT parameters are fit as a function of molecular weight (MW) for a given chemical family. Table 1 presents the correlations for ,  , and ⁄ for n-alkanes and poly-nuclear aromatics (PNAs), which provide numerical bounds for the , , and ⁄ values of other chemical families [55] .
Equations 2-4 use a Z parameter to average the contributions from the two bounds. Z varies from zero for n-alkanes to one for PNAs, and is used to normalize the degree of unsaturation (DoU), as shown in Eq. 5. Equations 6 and 7 are used to calculate the pseudo-component DoU knowing the mixture number averaged MW and HN/CN ratio. Here we note that phenanthrene (MW = 178 g/mol, DoU = 10) is the largest PNA in the hydrocarbon mixtures and fuels [55] .
Hence, the upper bound value for DoU is fixed at 10 in Eq. 5 when the mixture number averaged MW is greater than 178 g/mol. The DoU correlation for PNAs as a function of MW is provided in the Supplemental Information (SI). More details on the calculation of the PC-SAFT pseudocomponent parameters can be found in our previous study [55] . A commercial software (VLXE/Blend [56] ) is used to calculate the reduced residual entropy, ̃, shown in Eq. 8, where ̅ is equal to the molar residual entropy divided by the gas constant, . The next section describes the steps needed for the calculation of the thermal conductivity knowing ̃. 
Entropy scaling based pseudo-component technique
As observed by Rosenfeld [57] , the reduced thermal conductivity, * , (Eq. 9) of a pure compound scales with the residual entropy. Hopp and Gross [26] investigated several choices of a reference thermal conductivity including Chapman Enskog (CE), CE with Eucken correction, and the reference proposed by Liang and Tsai [58] based on the work of Stiel and Thodos [59] . None of these references was completely successful in describing the nonlinear entropy scaling behavior for the complete fluid space from low-density gas to dense liquid. Hopp and Gross [26] proposed a new, empirically-based reference that did correlate the complete fluid space and allowed for a mono-variable dependence on reduced residual entropy. Hopp and Gross [26] showed that the CE reference thermal conductivity (Eq. 10) can adequately reproduce * in the dense fluid region, which is the region of interest in the present study. Hence, the CE reference term is used as the reference thermal conductivity in the present study. * = reference
where, , , , and (2,2) * are Boltzmann's constant, temperature, Avogadro's number, and the reduced collision integral, respectively. In Eq. 10, and are the PC-SAFT parameters of a pure compound when calculating thermal conductivity for a pure compound or are those of a pseudocomponent when calculating thermal conductivity of a pseudo-component. Hopp and Gross [26] modified the third-order polynomial reported by Lötgering-Lin and Gross [60] for viscosity and proposed Eq. 11 to correlate * to the reduced, dimensionless residual, entropy, * (Eq. 12).
where , , , and are the thermal conductivity coefficients. In the present study, instead of using Eq. 11 to calculate * , the simpler expression in Eq. 13 is used since it adequately describes liquid-phase thermal conductivities.
where the thermal conductivity coefficients of a pure compound are used when calculating thermal conductivity of a pure compound or those of a pseudo-component are used when calculating the thermal conductivity of a pseudo-component.
Hopp and Gross [26] used Eq. 11 to fit thermal conductivity coefficients for 148 pure compounds that included normal and iso-alkanes, alkenes, aldehydes, ethers, esters, ketones, alcohols, acids, and benzenes. However, they did not report parameters for some compounds from chemical classes present in petro-fuels including cyclohexanes, decalins, tetralins, indanes, naphthalenes, and phenanthrenes due to the limited amount of thermal conductivity data available in the literature. In the pseudo-component approach, n-alkanes and PNAs are the two bounds for values of the thermal conductivity coefficients. Since Hopp and Gross [26] did not report coefficients for n-alkanes and PNAs using only the CE reference term, new pure compound liquid phase thermal conductivity coefficients (i.e., A,B,C,D) are fit in the present study.
For many n-alkanes and PNAs, experimental thermal conductivity data at HTHP conditions are not reported in the literature. Thus, experimental thermal conductivities at atmospheric pressure are utilized here to fit the n-alkane parameters. Experimental data is lacking for PNAs even at atmospheric pressure, with the exception of benzene. Briggs [61] reported a thermal conductivity correlation as a function of temperature at atmospheric pressure for some PNAs (i.e., benzene, naphthalene, and phenanthrene). However, thermal conductivities of benzene using the Briggs correlation deviate by up to 8% compared to data reported in the Dortmund Data Bank (DDB) [62] containing data of Rastorguev and Pugach [63] . Here we use the model of Gharagheizi et al. [38] for benzene at atmospheric pressure to predict thermal conductivity within 4% of the DDB. Furthermore, since no other experimental data for heavier PNAs are available to assess the accuracy of the Briggs correlation [61] , the model of Gharagheizi et al. [38] is also used to calculate the thermal conductivities of naphthalene and phenanthrene (PNAs) at atmospheric pressure. More information on the differences between the thermal conductivities of benzene, naphthalene, and phenanthrene using these two approaches is reported in the SI. Table 2 lists coefficients , , and fit to Eq. 13 for selected n-alkanes and PNAs. For n-alkanes, does not vary monotonically with MW. decreases with MW, whereas and appear constant for nalkanes. For PNAs, , , and monotonically increase with MW, whereas is a constant. Figure   1 shows these coefficients plotted versus MW for n-alkanes and PNAs, and the correlations are listed in Table 3 . In our previous study [52] , the viscosity coefficients for chemical classes present in fuel were scaled with PC-SAFT parameter m, so that parameter values for n-alkanes and PNAs
bounded parameter values for all other chemical families. Due to the lack of thermal conductivity data available in the literature for the pure compounds from different chemical classes found in fuels, only the thermal conductivity coefficients for n-alkanes and PNAs are considered here and the coefficients for the two groups are assumed to be the two bounds for the pseudo-component thermal conductivity coefficients in Eq. 13. The value, calculated using Eq. 5, is used in Eqs.
14-17 to calculate the pseudo-component thermal conductivity coefficients needed for the calculation of the reduced thermal conductivity using Eq. 13.
When applying this approach to well-characterized hydrocarbon mixtures and fuels, thermal conductivity predictions improve by fitting to a single reference state data point. In this study, the reference state is chosen as the experimental data point at the lowest reported temperature and pressure for the samples of interest. Coefficient is fit to reproduce the thermal conductivity at the reference state, while , , and are determined from Eqs. 14, 16, and 17. The results for the two-parameter and three-parameter models are described in the following sections for well-characterized hydrocarbon mixtures and fuels.
The thermal conductivity predictions are compared with 655 data points for wellcharacterized hydrocarbon mixtures, rocket propellant fuels, and jet fuels. The performance of our approach is characterized by the percent deviation, maximum (Max) deviation, standard deviation (SD), MAPD, and bias, in Eqs. 18-22.
where, predict , exp , ̅ , and are the experimental thermal conductivity, the predicted thermal conductivity, the mean of the thermal conductivity, and the number of data points, respectively.
Well-characterized hydrocarbon mixtures
The pseudo-component technique is applied to several binary and ternary hydrocarbon mixtures [65] [66] [67] . Wakeham et al. [66] measured the thermal conductivity for binary mixtures containing benzene and tri-methyl-pentane (TMP) (referred to as M1) for two different compositions at temperatures from 313 to 345 K and pressures up to 3,500 bar. Fareleira et al. [67] and Wakeham et al. [66] reported thermal conductivity data for binary mixtures containing nheptane (C7) and TMP (referred to as M2) for three different compositions at temperatures from 308 to 360 K and pressures up to 4,500 bar. Wada et al. [65] reported the thermal conductivity data for binary mixtures containing C7 and n-undecane (C11), C7 and n-hexadecane (C16), and C11 and C16 (referred to as M3, M4, and M5, respectively) for three different compositions for each mixture at atmospheric pressure and a range of temperatures from 295 to 345 K. Wada et al.
[65] also reported the thermal conductivity for ternary mixtures (referred to as M6) including C7, C11, and C16 for three compositions at temperatures from 295 to 345 K and 1 bar. Table 4 [66] , and the two data sets agree within 0.05%. Both sets of data are included in the reported statistics in Table 5 , but only the data reported by Wakeham et al. [66] , which have a greater temperature range, are shown in Figures 2 and 4 . SAFT parameters, and the thermal conductivity coefficients for the pseudo-components for all of the well-characterized hydrocarbon mixtures considered in this study. Table 5 summarizes the statistical metrics of the thermal conductivity predictions for these mixtures. Their better predictions could be due the fact that the correlations in the technique were fit to ambient pressure data. Furthermore, since = 0 for n-alkane mixtures, the thermal conductivity coefficients in Eqs. 14-17 reduce to the correlations for n-alkanes, leading to reduced error, as there is no mixing with the PNA correlations. containing large amounts of iso-alkanes. Thermal conductivity is predicted for hydrocarbon mixtures using the three-parameter model with an MAPD of 3.0% for all compositions of all investigated mixtures. This MAPD is comparable to thermal conductivity predictions for all 148 pure compounds studied by Hopp and Gross [26] , who reported a 4.2% MAPD.
Fuels
Gasoline, kerosene, jet, and diesel fuel fractions distilled from crude oil are complex mixtures of hydrocarbon compounds with properties and composition that vary due to quality specifications [68, 69] . Table 6 lists the limited HTHP thermal conductivity literature data found only for rocket propellant (RP) and jet fuels. Akhmedova-Azizova et al. [70] measured the thermal conductivity of RP1 fuel at temperatures between 293 and 598 K and pressures up to 600 bar.
Bruno [71] measured the thermal conductivity of RP2 fuel over a wide range of temperatures from 300 to 550 K and pressures up to 600 bar. Xu et al. [72] reported thermal conductivity measurements of RP3 fuel at temperatures from 285 to 513 K and pressures up to 50 bar. Jia et al. Table 7 lists the calculated MW, HN/CN ratio, parameter, thermal conductivity reference experimental data point ( ) at the lowest reported temperature and pressure used to fit in the three parameter model, the PC-SAFT parameters, and the thermal conductivity coefficients for the pseudo-components for the fuels. a The number averaged MW and the HN/CN ratio of the sample are calculated from the molecular formula of a typical RP1 fuel reported by Edwards [75] . b The number averaged MW and the HN/CN ratio of the sample are calculated from the molecular formula of a typical RP2 fuel reported by Xu et al. [76] .
c The number averaged MW and the HN/CN ratio of the sample are calculated from the detailed composition of the RP3 fuel reported by Deng et al. [77] . The 30 bar thermal conductivities reported by Xu et al. [72] , which are measured using a double transient hot-wire method, are on average 9% different compared to data reported by Jia et al. [73] at the single pressure of 30 bar, which are measured using a steady and kinetic method, an experimental technique proposed in the article [73] . We note that all three studies [72, 73, 77] are from the same research group. d The number averaged MW and the HN/CN ratio of the samples are reported by Won et al. [78] and Chickos and Zhao [79] . Table 7 . The pseudo-component properties and parameters for fuels modeled in this study [70] [71] [72] [73] [74] . o (W/m-K) is the thermal conductivity at the lowest reported temperature and pressure used to fit , here termed fit , in the three-parameter model. The lowest temperatures and pressures for the fuels are: RP1 at 293 K and 1 bar, RP2 at 300 K and 2 bar, RP3 at 299 K and 1 bar, S-8 at 304 K and 3 bar, JP-8 at 303 K and 8 bar, and Jet A at 302 K and 2 bar. Figures 8 and 9 show the thermal conductivity prediction deviations for these fuels. Table 8 summarizes the statistical metrics of the thermal conductivity predictions for the six fuels. The pseudo-component technique captures the effects of both temperature and pressure on thermal conductivity with an MAPD of 14.3% using the twoparameter model across all temperatures and pressures for all fuels. Two sets of experimental data are reported in the literature for the thermal conductivity of RP3 at 30 bar [72, 73] . Using the twoparameter model, thermal conductivity is predicted with 1% MAPD compared to the data reported by Jia et al. [73] and 9% MAPD compared to data reported by Xu et al. [72] . There is a 9% difference between these two sets of experimental measurements, which were obtained using two different techniques (double transient hot wire and steady and kinetic methods). It should be noted that Jia et al. [73] proposed the steady and kinetic method in the same article as the RP3 measurements at 30 bar. Typical RP and jet fuels contain between 10 to 40 weight percent isoalkanes [75, 76, [80] [81] [82] and also contain amounts of alkylated compounds [72, 76, 81, 82] including alkylated cyclohexanes and alkylated benzenes. The pseudo-component technique does not distinguish the differences between normal and iso-alkanes. Since Z = 0 for both normal and isoalkanes, the effect of the iso-alkanes and alkylated compounds (branching) in the fuel on the thermal conductivity may not be accurately captured using the two-parameter pseudo-component model for the fuels investigated in this study. By including a single thermal conductivity data point as a third input, predictions are significantly improved with an MAPD of 2.0%, which is within the experimental uncertainty of 3% reported in the literature [70] [71] [72] [73] [74] . RP3 thermal conductivities at 30 bar are predicted less accurately using the three-parameter model when comparing to the Jia et al. shown for the RP3 thermal conductivities at 30 bar, since two data sets [72, 73] were reported in the literature. Note that the x-axis scale is different in the figure for RP3 at 30 bar.
Figure 7.
Pseudo-component thermal conductivity predictions compared to experimental data [74] (symbols) for jet fuels listed in Table 7 experimental data [70] [71] [72] [73] for rocket propellant (RP) fuels listed in Table 7 : two-parameter (open symbols) and three-parameter (filled symbols) models.
Figure 9.
Pseudo-component thermal conductivity predictions deviations compared to experimental data [74] for jet fuels listed in Table 7 : two-parameter (open symbols) and threeparameter (filled symbols) models. Note that the x-axis scale is different in the figure for Jet A. 
Conclusion
A PC-SAFT, pseudo-component technique based on entropy scaling was presented to predict the thermal conductivity of well-characterized hydrocarbon mixtures, rocket propellant fuels, and jet fuels up to high temperature and high pressure (HTHP) conditions. The two experimental mixture properties required to predict thermal conductivity were the number average molecular weight and the hydrogen-to-carbon ratio. Correlations for the model parameters were developed from pure component thermal conductivity coefficients fit at atmospheric pressure.
However, the predicted thermal conductivities deviated from the experimental data for mixtures containing significant amounts of iso-alkanes. A third input, the thermal conductivity at a single low-temperature, low-pressure reference state was incorporated in the model to improve the predictions for the mixtures of interest. Although the model was developed from atmospheric pressure data, accurate predictions were obtained when the technique was applied to wellcharacterized hydrocarbon mixtures and fuels up to HTHP conditions. The method was predictive and did not require measurement of or fitting to HTHP thermal conductivity data. Thermal conductivities were predicted for fuels at conditions from 285 to 598 K and up to 700 bar using the three-parameter pseudo-component technique with a mean absolute percent deviation of 2.0%, which is within 3%, the reported uncertainty of the experimental measurements. 
